T-box (tbx) genes constitute a large family of transcriptional regulators involved in developmental patterning processes. In tetrapods, tbx5 has been implicated in specifying forelimb type identity. Here, we report the cloning of the zebra®sh tbx5.1 gene and characterise its expression during zebra®sh embryogenesis and early larval development of wild type and mutant embryos that affect pectoral ®n patterning. tbx5.1 is expressed during development of the heart, the pectoral ®ns and the eye. Notably, its expression in the lateral plate mesoderm de®nes a single and continuous region of heart and pectoral ®n precursor cells, and constitutes the earliest speci®c marker for pectoral ®n development in the zebra®sh. q
Results
The T-box transcription factor Tbx5 has been implicated in specifying forelimb identity (Takeuchi et al., 1999; Rodriguez-Esteban et al., 1999) and heart development (Bruneau et al., 1999; Horb and Thomsen, 1999) . In humans, Tbx5 mutations cause Holt±Oram syndrome, a disorder characterised by upper limb malformations and cardiac septation defects (Basson et al., 1997; Li et al., 1997) . Using a RT-PCR approach we have exploited the high degree of sequence conservation within the T-box domain of various vertebrate orthologues to isolate a zebra®sh tbx5 cDNA. Comparison of the predicted amino acid sequence with that of the human, chicken and Xenopus proteins reveals a high degree of similarity both within and outside the T-box domain (Fig. 1) . To discriminate between this and a putative paralogue (Begemann and Ingham, unpublished data), we refer to the cDNA clone presented in this study as tbx5.1.
At the 6±7-somite stage tbx5.1 is expressed in the temporal halves of the optic primordia. This expression intensi®es rapidly and between the 15±20-somite stage is con®ned to the posterior half of the neural retina ( Fig.  2A,B,D) . Between 24 and 36 h post-fertilisation (hpf), the eyes gradually rotate, such that tbx5.1 expression becomes located dorsally, where it is restricted to a narrow sector of neuroepithelium that appears to be in contact with the lens and is directly opposed to the choroid ®ssure, surrounding the posterior groove (Fig. 2C) . By 36 hpf, this domain is reduced to a few columnar cells of the neuroepithelium adjacent and dorsal to the lens (Fig. 2E,F) . Expression in the eye is lost by 48 hpf and thus downregulated prior to the stage when ganglion cells start to differentiate in the dorsal retina (Schmitt and Dowling, 1996) . In chick, mouse and Xenopus embryos, tbx5 is also expressed in the dorsal eye, suggesting a conserved function in early eye patterning Gibson-Brown et al., 1998a; Isaac et al., 1998; Ohuchi et al., 1998; Horb and Thomsen, 1999) .
We observe tbx5.1 expression at the 6±7-somite stage in two bilateral stripes of the lateral plate mesoderm (Fig.  2G,H) , the posterior halves of which will contribute to the pectoral ®n bud mesenchyme (see below). Anteriorly, they overlap with the parts of the lateral plate that contribute to the early heart ®eld. By the 15-somite stage, these tbx5.1 expressing cells come to lie closer to the axis and ventral to the neural tube, constituting the bilateral heart tubes ( Fig.  2I,J) . At the 20-somite stage, the tubes begin to fuse, resulting in a region of ring-like expression (Fig. 2K) . By 30 hpf, when the heart has moved to the left side of the embryo, tbx5.1 is strongly expressed in the atrium and to a lesser extent in the sinus venosus (Fig. 2L) .
At the 6±7-somite stage tbx5.1 expression appears in the lateral plate mesoderm, in the precursor cell population of mesenchymal cells that will contribute to the ®n bud. Expression is continuous with that in the myocardial plate and posteriorly extends up to the lateral sides of the ®rst and Fig. 2G and not shown). Between the 10± 12-somite stages, expression within the lateral plate mesoderm becomes clearly separated into a heart ®eld anteriorly and a more lateral and posterior pectoral ®n ®eld ( Fig. 2J) . At 18 somites the expression domain in the ®n bud mesenchyme extends from lateral to the posterior hindbrain to the fourth somite (Fig. 3A) . A gradual reduction of expression in the anterior ®n bud mesenchyme becomes evident between the 18 and 22-somite stages and by 32 hpf, circular patches of ®n bud mesenchyme have formed (Fig. 3B) . A few expressing cells in adjacent anterior and more distal regions to the ®n buds remain excluded from the ®n bud proper (Fig. 3B) . At all stages expression is con®ned to the mesoderm and excluded from the epidermis (Fig.  3C ,D,E,F,M). At 48 hpf tbx5.1 is expressed in the distal part of the pectoral ®ns (Fig. 3C) . Expression in the proximo-central region of the ®n bud is less intensive. At 3 days of development, tbx5.1 is uniformly expressed at low levels in the pectoral ®n mesenchyme and is absent from the epidermal larval ®n fold (Fig. 3D) . By 5 days of development, tbx5.1 has been downregulated in the centre of the pectoral ®n, but continues to be expressed strongly in the mesenchyme at the dorso-ventral boundary along the entire antero-posterior extent of the ®n bud (Fig. 3E) . Thus, pectoral ®n development in the zebra®sh shares many aspects of tbx5 expression-regulation with mouse and chick embryos: (a) expression in lateral plate mesoderm preceding limb bud formation, (b) initial uniform expression throughout the limb bud mesoderm, (c) absence of expression in the apical ectodermal ridge, and (d) loss of expression in the proximo-central region of the growing limb bud. Exclusion of tbx5 expression from areas of cartilage condensation is also found in the chick wing (Isaac et al., 1998; Logan et al., 1998) and the mouse forelimb (GibsonBrown et al., 1996) . Zebra®sh tbx5.1 is not expressed in the interlimb¯ank region, which is a transient feature in the chick embryo (Gibson-Brown et al., 1998b; Isaac et al., 1998; Logan et al., 1998; Ohuchi et al., 1998) .
To investigate whether tbx5.1 expression is affected in pectoral ®n patterning mutants, we analysed sonic you (syu) and dackel (dak) mutant embryos. Embryos mutant for dak initiate shh expression in the posterior ®n bud, but Within the T-box domain, the putative zebra®sh protein is 97.7% identical to the human and chicken proteins, and 96.5% identical to the Xenopus sequence. The highest overall sequence homology is observed with the human protein (78.6% identity, 83.6% similarity), although phylogenetic analysis places the zebra®sh protein closer to the Xenopus protein (not shown). Sequence alignment was performed using default parameters of PILEUP and shaded with PRETTY software (Wisconsin Package Version 9.0, Genetics Computer Group (GCG), Madison, WI). Residues with at least 50% identity and similarity are shaded in black or grey, respectively. Amino acid numbers in italics are relative to the isolated zebra®sh cDNA clone.
fail to maintain expression beyond 32 hpf (van Eeden et al., 1996) . By 3 days of development, wild type embryos have developed a pectoral ®n fold with a substantial core of ®n bud mesenchyme (Fig. 3F) . In contrast, outgrowth of ®n buds in the strongest dak tw25 allele is arrested, and the mutant ®n buds resemble the developmental stage of 32 hpf wild type embryos (Fig. 3G) . syu t4 is a deletion of the sonic hedgehog (shh) gene, and although pectoral ®ns are initially established in homozygous embryos, they fail to grow out (Schauerte et al., 1998) . In wild type embryos, shh expression is initiated in the mesenchyme at the posterior margins of the pectoral ®n bud primordia at 26±28 hpf (Krauss et al., 1993) . In syu t4 prospective ®n bud mesenchyme at the 22-somite stage, tbx5.1 expression is indistinguishable from wild type siblings, indicating that patterning of the pectoral ®n anlage is independent of shh signaling from the embryonic midline (Fig. 3J,N) . At 32 hpf, tbx5.1 expression is not affected in syu t4 mutant ®n buds; in fact mutant embryos are able to initiate the rotation of the ®n buds, turning their anterior margin up and towards the body axis (Fig. 3K,O) . By 36 hpf tbx5.1 expression begins to fade in syu t4 , re¯ecting an arrest in ®n bud outgrowth ( Fig. 3L,P) . At this stage, wild type ®n buds have formed a mound of cells that rises from the lateral plate (Fig. 3M,Q) . Both in dak and in syu mutant ®n buds, expression of tbx5.1 is maintained long after shh expression has ceased, suggesting that both early (pre-®n fold) and late (®n bud outgrowth) regulation of tbx5.1 expression proceeds independently of either shh signaling or mesenchymal proliferation within the ®n bud itself. Logan et al. (1998) and Gibson-Brown et al. (1998b) have come to a similar conclusion for the regulation of chick tbx5 by showing that its expression is maintained for at least 24 h after ablation of the apical ectodermal ridge.
Apart from species-speci®c differences in transient expression (e.g. expression of mouse tbx5 in allantois and genital papilla; chick tbx5 in the interlimb¯ank; human tbx5 in foregut mesoderm), the overall expression pattern of zebra®sh tbx5.1 is very similar to that in tetrapods. We propose that tbx5.1 constitutes the orthologue of the tbx5 genes in chick, mouse and humans. The single expression domain in the lateral plate mesoderm suggests that the heart ®eld and the prospective pectoral ®n ®eld are initially de®ned by a common domain of tbx5.1 expression. In this context it is interesting to note that while a fate map for pectoral ®n mesoderm precursors has not been established yet, lineage tracing studies of cardiogenic blastomeres have revealed a frequent contribution to head and trunk mesoderm (Stainier et al., 1993) . Only later in development, through the migration of the bilateral heart tubes towards the midline and the shift of prospective ®n mesenchyme caudally, do the two tbx5.1 expression domains get separated.
Material and methods

Fish stocks
Breeding zebra®sh of the London wild type strain were reared and staged at 28.58C according to Wester®eld (1995) .
Cloning of Tbx5.1
Partially degenerate primers were synthesised to a portion of the T-box, coding for amino acid sequences which are identical in mouse and human tbx5 (KFADNKW: 5 H -ccaagacctcga gaa/g ttc/t gci gac/t aac/t aaa/g tgg-3 H ; PFAKGFR: 5 H -gcagttatcga tcg/t a/gaa icc c/ttt igc a/gaa igg-3 H ) and contained XhoI and ClaI restriction sites, respectively, to facilitate subcloning of the 366 bp ampli®cation product into pBluescript SK. RT-PCR was performed with these primers on ®rst strand cDNA, prepared from 48 hpf wild type embryos using a kit (Pharmacia Biotech). PCR conditions: 36 cycles of 1 min 948C, 2 min 548C, 1.5 min 728C, followed by an extension step of 7 min 728C. The subcloned PCR fragment was sequenced and then used to screen a random-primed shield stage cDNA library at 658C in 500 mM sodium phosphate buffer (pH 7.2)/7% SDS, and washed 3 £ 20 min at 658C in 40 mM sodium phosphate buffer (pH 7.2)/1% SDS. One clone was isolated and sequenced on both strands, which contained a single open reading frame of 371 amino acids encoding tbx5.1, including all of the T-box.
In situ hybridisation
Whole mount in situ hybridisation was essentially performed as described (Wester®eld, 1995) , with the following alterations: the transcription reaction was puri®ed over an Ultrafree 100.00 NMWI ®lter unit (Millipore) and 0.5% blocking reagent (Boehringer Mannheim) in PBS was used prior to and during antibody incubations. For photography, embryos were either transferred to 70% glycerol, or were dehydrated in methanol and mounted in Durcupan resin (Fluka).
